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THE UTILISATION OF HYDROGEN I N  UK COAL LIQUEFACTION 
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INTRODUCTION 

Though a t  p resent  t h e  North Sea wel l s  provide a l l  t h e  crude o i l  t h a t  t h e  UK 
r e q u i r e s ,  t h i s  is unl ike ly  t o  be t h e  case much beyond t h e  end of t h e  decade. As 
BrStain has  adequate l a r g e  coa l  r e s e r v e s ,  the  Nat ional  Coal Board is preparing 
f o r  t h i s  s i t u a t i o n  by developing two processes  t o  convert c o a l  i n t o  l i q u i d  
hydrocarbons. The main f e a t u r e  o f  these  processes  is t h a t  they a r e  aimed a t  t h e  
production of premium products such as g a s o l i n e ,  d i e s e l  and j e t  f u e l s ,  a f e a t u r e  
which could a l s o  prove a t t r a c t i v e  outs ide  t h e  U K A  

When producing l i g h t  hydrocarbons i n  high y i e l d  it is e s s e n t i a l  t o  u t i l i s e  
hydrogen e f f i c i e n t l y  as  t h e  production of  hydrogen is expensive. I n  both 
processes  t h i s  is achieved by a two-stage conversion. I n  t h e  f i r s t  s t a g e  t h e  
coa l  i s  e x t r a c t e d ,  i n  t h e  absence of  gaseous hydrogen, such t h a t  t h e  mineral  
mat ter  can be removed and t h e  i n i t i a l  coa l  breakdown products  can be s t a b i l i s e d .  
This  makes i t  poss ib le  t o  use a s e l e c t i v e  c a t a l y s t  i n  t h e  second s t a g e  t o  
hydrocrack and r e f i n e  t h e  coa l  e x t r a c t .  

The paper descr ibes  t h e  two processes  under development, and i l l u s t r a t e s  t h e  
u t i l i s a t i o n  of hydrogen wi th  a s e t  of mater ia l  balance and hydrogen consumption 
d a t a  f o r  t h e  preparat ion of gaso l ine  and d i e s e l  f u e l .  

THE PROCESSES 

The two processes  under development a r e  t h e  Liquid Solvent  Ext rac t ion  (LSE) 
process  and the  S u p e r c r i t i c a l  G a s  Ext rac t ion  (SGE) process .  

The LSE process  involves  t h e  use of t h e  high b o i l i n g  ( +  3 O O 0 C )  f r a c t i o n  from 
t h e  hydrocracker product t o  e x t r a c t  coa l  a t  about 400OC. Because no gaseous 
hydrogen is needed a t  t h i s  s t a g e ,  t h e  e x t r a c t i o n  is c a r r i e d  o u t  a t  only a few 
atmospheres pressure ,  which is  a cons iderable  advantage where s o l i d s  handl ing i s  
involved. S u f f i c i e n t  hydrogen t r a n s f e r  t o  s t a b i l i s e  t h e  e x t r a c t e d  mater ia l  is 
ef fec ted  by v i r t u e  o f  t h e  hydrogen donor property of t h e  hydrogenated recyc le  
so lvent .  High e x t r a c t  y i e l d s  a r e  obtained as  v i r t u a l l y  a l l  of  t h e  coa l  except 
some of the  i n e r t i n i t e / f u s i n i t e  f r a c t i o n  is d isso lved .  
choice of e x t r a c t i o n  condi t ions  it i s  poss ib le  t o  produce a s o l u t i o n  t h a t  has  
favourable f i l t r a t i o n  p r o p e r t i e s ,  i e  low f i l t r a t e  v i s c o s i t y  and high f i l t e r  cake 
permeabi l i ty (1) .  

Furthermore by a s u i t a b l e  

The c lean  coa l  s o l u t i o n  (0.04% ash)  is reac ted  with hydrogen over a c a t a l y s t  
a t  about 425'C and 200 b a r ,  as a r e s u l t  of which t h e  aromatic s t r u c t u r e s  present  
a r e  hydrogenated and cracked,  and oxygen, n i t rogen  and sulphur  a r e  removed. Some 
of the commercially a v a i l a b l e  petroleum hydrot rea t ing  c a t a l y s t s  of t h e  Co/Mo/ 
alumina, Ni/Mo/alumina type a re  s u i t a b l e  for t h i s  duty but  o ther  s p e c i a l l y  
formulated c a t a l y s t s  are being inves t iga ted .  

The hydrocrackate is d i s t i l l e d  i n t o  t h r e e  f r a c t i o n s :  a naphtha,  nominally 
IPB-200'C. a mid-d is t i l l a te  (200-3OO0C) and a higher  b o i l i n g  f r a c t i o n  for recyc le  
as coa l  solvent .  
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The naphtha is a s t a b l e  c o l o u r l e s s  l i q u i d  which i s  r i c h  i n  naphthenes and 
contains  13% hydrogen, 400 ppm ni t rogen  and 10 ppm sulphur .  A f t e r  f u r t h e r  vapour 
phase hydrofining t o  reduce t h e  n i t rogen  and sulphur  t o  acceptab le  l e v e l s  it can 
be dehydrogenated by reforming t o  produce a high octane gasol ine .  
i n  one t e s t ( 2 )  the  reformate produced i n  95% y i e l d  had a RON o f  108. 

The m i d - d i s t i l l a t e  i s  near ly  c o l o u r l e s s  and is a mixture of two and t h r e e  

For example, 

r i n g  hydro-aromatics and naphthenes,  and some aromatics .  
and, l i k e  t h e  naphtha, on ly  small q u a n t i t i e s  of  heteroatoms. Batches of 
m i d - d i s t i l l a t e s  have been f u r t h e r  hydro t rea ted  t o  produce d i e s e l  f u e l  f o r  engine 
tests. Sa tura t ion  o f  t h e  aromatic  content  r a i s e d  t h e  hydrogen composition t o  13% 
and t h e  o v e r a l l  performance of t h e  f u e l  i n  t h e  Ricardo(3)  t e s t  engine was 

e q u i v a l e n t t o  t h a t  of c u r r e n t  UK road v e h i c l e  f u e l .  I t  had a Cetane No of 46, and 
a Bosch Smoke Index t h a t  w a s  h a l f  t h a t  of  petroleum gas o i l  a t  high load.  I t  had 
a very low f r e e z i n g  (-78OC) and low cold f i l t e r  plugging p o i n t  (-5OOC) which 
ind ica ted  a complete absence of hydrocarbon waxes. 

I t  c o n t a i n s  11% hydrogen, 

The naphtha, m i d - d i s t i l l a t e  and hydrogenated m i d - d i s t i l l a t e s  have a l s o  been 
assessed as steam cracker  feedstocks f o r  t h e  product ion of o l e f i n s  and a r o m a t i c s ( 2 ) .  
Tests made by I C 1  gave good cracking  p a t t e r n s :  33% o l e f i n s  and 24% aromatics ,  and 
I C 1  gave t h e  hydrogenated m i d - d i s t i l l a t e  a commercial va lue  index of 95 compared 
with 100 f o r  a s tandard petroleum naphtha. 

I n  an i n t e g r a t e d  process  as shown i n  F i g  1, coa l  is t h e  only input  and ex t ra  
coa l  w i l l  be requi red  to  supplement t h e  e x t r a c t i o n  r e s i d u e s  t o  provide t h e  
hydrogen and process  energy. 
s c a l e  p lan t  have i n d i c a t e d  an o v e r a l l  thermal e f f i c i e n c y  of  65-7077. 

Prel iminary estimates from a s tudy o f  a commercial 

The process  has  been developed a t  t h e  Coal Research Establ ishment  on a 
2 kg/h s c a l e .  An i n t e g r a t e d  p l a n t  (F ig  2) has  been run f o r  long cont inuous 
per iods ,  up t o  1200 h ,  p rovid ing  d i s t i l l a t e s  f o r  assessment and d a t a  f o r  t h e  
design of l a r g e r  p l a n t s .  
and it is  hoped t o  b u i l d  it wi th in  the  next  two years .  I t  should then  be poss ib le  
t o  go s t r a i g h t  t o  a s i n g l e  s t ream p l a n t  consuming 2-5000 tpd  and s o  t o  f u l l  sca le  
commercial product ion by t h e  mid-1990s. 

The design of a 1 tph  p l a n t  has  a l ready been prepared 

The S u p e r c r i t i c a l  Gas Ext rac t ion  process  (F ig  3) involves  t h e  use  of  an 
aromatic so lvent  c l o s e  t o  its c r i t i c a l  temperature t o  d i s s o l v e  coa l  at about 42OOC. 
I n  t h i s  condi t ion  t h e  f l u i d  i s  l e s s  dense and l e s s  viscous than a l i q u i d  would be,  
bu t  t h e  molecules a r e  s u f f i c i e n t l y  c lose  toge ther  t o  a c t  as a so lvent .  A t  
ambient condi t ions  t h e  s o l v e n t  i s  a l i q u i d  so can be used t o  s l u r r y  t h e  c o a l .  
The s u p e r c r i t i c a l  s o l v e n t  s e l e c t i v e l y  e x t r a c t s  the  smaller  molecular spec ies  which 
conta in  more hydrogen than t h e  r e s t  of the  c o a l ( 4 ) .  The carbonaceous res idue  
recovered after e x t r a c t i o n  i s  s u i t a b l e  f o r  g a s i f i c a t i o n  and combustion t o  provide 
t h e  process requirements  as shown i n  t h e  Figure.  
c o a l s ,  an e x t r a c t  y i e l d  s u f f i c i e n t  t o  provide t h i s  o v e r a l l  balance,  between 40% 
and 50% of t h e  daf c o a l ,  can be obtained.  This  is a l s o  the  case f o r  lower rank 
c o a l s ,  depending on t h e i r  composition. 

For high v o l a t i l e  bituminous 

No hydrogen gas  i s  needed i n  t h e  e x t r a c t i o n  s t a g e ,  but  t h e  n a t u r e  of t h e  
so lvent  leads  t o  an e x t r a c t i o n  pressure  or 200 b a r .  
s u p e r c r i t i c a l  s o l u t i o n  s t ream causes  the  e x t r a c t  t o  be p r e c i p i t a t e d  and al lows t h e  
so lvent  t o  be recycled.  The e x t r a c t  i s  hydrocracked, toge ther  with recyc led  heavy 
o i l ,  t o  produce s i m i l a r  products  t o  those obtained i n  the  LSE process  a t  an 
est imated o v e r a l l  thermal  e f f i c i e n c y  of 65%. 

Depressurisat ion of t h e  
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The SGE method of e x t r a c t i o n  has  been demonstrated on a 5 kgh-' s c a l e ,  and 
W i l l  be s tud ied  at a s c a l e  o f  1 tph  as p a r t  of t h e  t e s t  f a c i l i t y ,  a l ready  
re fer red  t o  i n  the  LSE process  d e s c r i p t i o n .  

HYDROGEN UTILISATION 

I n  order  t o  i l l u s t r a t e  t h e  u t i l i s a t i o n  of hydrogen i n  NCB coa l  l i q u e f a c t i o n  
one s e t  o f  d a t a  f o r  the  LSE process  has  been considered i n  d e t a i l .  
obtained from t h e  in tegra ted  u n i t  shown i n  Fig 2, when equi l ibr ium condi t ions  
were assumed t o  p r e v a i l .  

The d a t a  were 

A UK bituminous coa l  - Annesley - was used and its composition is shown i n  
The y i e l d s  of  products  and hydrogen consumption a r e  given i n  Table 2. Table 1. 

The l i q u i d  products ,  under t h e  spec i f ied  s e t  of  condi t ions ,  cons is ted  of naphtha 
and m i d - d i s t i l l a t e  and a cons iderable  y i e l d  of p i t c h .  
shown were not recovered i n  t h e  t e s t  bu t  an es t imate  has  been made i n  Table 2 of  
the  e f f e c t  of recovering these  l i q u i d s  by washing and passing them t o  t h e  hydro- 
cracker  with t h e  bulk of  t h e  e x t r a c t  s o l u t i o n .  

The f i l t e r  cake l i q u i d s  

The u t i l i s a t i o n  o f  hydrogen i n  t h e  t e s t  i s  shown by the  hydrogen account of 
Table 3 .  
l i q u i d  products and is a q u a n t i t i v e  measure of t h e  e f f ic iency  of hydrogen u t i l i s -  
a t ion  during l i q u e f a c t i o n .  

This shows t h a t  66% o f  t h e  hydrogen i n  the feedstock appears  i n  the 

A s  t h e  naphtha and m i d - d i s t i l l a t e  products  a r e  considerably r e f i n e d  during 
hydrocracking, t h e i r  conversion t o  gaso l ine  and d i e s e l  f u e l  r e q u i r e s  l i t t l e  
fur ther  hydrogen consumption. The f i n a l  y i e l d  values  are given i n  Table 4.  The 
low gas y i e l d  i n  t h e  o v e r a l l  process  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  e f f i c i e n t  
u t i l i s a t i o n  of hydrogen and t h e  r e l a t i v e l y  high thermal e f f i c i e n c y  of t h e  process .  

The p i t c h  obtained i n  the  run s tudied  can be reduced and poss ib ly  el iminated 
by employing more severe  hydrocracking condi t ions .  
useful  product as i t  could be used as an e l e c t r o d e  b inder ,  a source  of  carbon 
black or a l t e r n a t i v e l y  it could be coked t o  produce e lec t rode  carbon. Some coking 
t e s t s  have been made and t h e  fol lowing y i e l d s  obtained:  coke 51%; d i s t i l l a t e s  39%; 
gas 10%. 
inventory of t h e  process  and would allow some of t h e  l i g h t e r  s o l v e n t  t o  be  
removed as products .  

However, t h e  p i t c h  is a 

The l i q u i d  recovered i n  t h e  la t ter  case  would supplement t h e  so lvent  

Al te rna t ive  opt ions  of  t h i s  kind have been examined i n  a s tudy of  t h e  commer- 
c i a l  s c a l e  opera t ion  of  t h e  process  c a r r i e d  out  i n  conjunct ion with an 
I n t e r n a t i o n a l  Chemical Engineering Contractor .  The results from t h e s e  s t u d i e s  
showed t h a t  n e i t h e r  the  p l a n t  c o s t  nor t h e  o v e r a l l  thermal e f f ic iency  var ied  
g r e a t l y  between t h e  opt ions.  

The above d a t a  r e l a t e  t o  t h e  processing of bituminous c o a l .  
brown c o a l s  can a l s o  be ex t rac ted  by t h i s  process  with t h e  a d d i t i o n a l  advantage 
t h a t  much of t h e  high oxygen content  i n  these  c o a l s  is e l imina ted  i n  t h e  
e x t r a c t i o n  s tage  a s  CO thus  i n  p r i n c i p l e  saving hydrogen. I t  appears  t h a t  when 
hydrogen gas  is used d5r ing  the  e x t r a c t i o n  s t a g e  oxygen is removed a s  water .  
However although t e s t s  with brown coa ls  and l i g n i t e s  have been made i n  labora tory  
experiments, no equi l ibr ium processing d a t a  are as y e t  a v a i l a b l e .  

L i g n i t e s  and 

CONCLUSIONS 

The two l i q u e f a c t i o n  processes  being developed by t h e  Nat ional  Coal Board 
of fe r  the  prospect of an e f f i c i e n t  production of  t r a n s p o r t  f u e l s  from c o a l .  

69 



Test r e s u l t s  from small p i l o t  p l a n t  i n d i c a t e  y i e l d s ,  based on daf coa l  t o  
l i q u e f a c t i o n ,  of 14% g a s o l i n e  and 35% d i e s e l  f u e l ,  both meeting the  c u r r e n t  UK 
road f u e l  s p e c i f i c a t i o n s .  The hydrogen consumption i n  t h i s  test work was 6.7% 
daf coal and t h e  hydrogen recovered i n  the  l i q u i d  products  w a s  equiva len t  t o  66% 
of t h e  hydrogen fed t o  t h e  process .  

These y i e l d s  do n o t  r e p r e s e n t  t h e  maximum values  a s  an a d d i t i o n a l  21% high 
b o i l i n g  l i q u i d  product  w a s  a v a i l a b l e  f o r  f u r t h e r  conversion and a l t e r n a t i v e  
processing schemes for t h e  conversion of  t h i s  mater ia l  a r e  under i n v e s t i g a t i o n .  
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Table 1 

Analysis of Annesley Coal 

I n t e r n a t i o n a l  C l a s s i f i c a t i o n  633 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Sulphur 

04.8% daf  coal  
5.5% " " 

7 . 5 % "  9 '  

1.9% ' 1  " 

0.8% as received 

Vola t i le  mat ter  38.6% daf coal 

V i t r i n i t e  
Exini te  
I n e r t i n i t e  
Fus in i te  1 

77% 
4% 

19% 

Swelling number 6% 

Table 2 

Product Yields  and HydroEen Consumption i n  LSE Process Unit 

Mater ia l  

Input 

Coal (daf b a s i s ) '  
Hydrogen consumed 

Products 

C -C gases 

C4-17OoC naphtha 

170-350°C m i d - d i s t i l l a t e  

> 420OC p i t c h  

Cake l i q u i d s  

Undissolved coa l  

COX,  HpO, H2S, NH3 

1 3  

Weight without Weight with 
cake washing cake washing 

100 
5.7 

10 

13 

29 

15 

17 

1 2  

10 

100 
6.0 

10 

13 

35 

2 1  

4 

12 

11 

*This does not  include t h e  addi t iona l  coa l  (approximately 60 p a r t s  by weight) 
needed t o  supplement t h e  f i l t e r  cake f o r  process  h e a t ,  power and hydrogen 
product ion.  
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Table 3 

The Hydrogen Account f o r  LSE Tes t  Run 

Conversion of 100 u n i t s  daf coa l  

Hydrogen I n  Hydrogen Out 

Coal (daf  b a s i s )  ' = 5.5 F i l t e r  cake 

Hydrogen consumed = 6.0 Heterogases 
Hydrocarbon gases  

Naphtha 
Mid-d is t i l l a te  
P i t c h  

= 0.8 
= 2.2 
= 1.1 
= 1.8 
= 4.0 
= 1.6  

TOTAL = 11.5 TOTAL = 11.5 

x 100 = 66% Hydrogen i n  Liquid Products 

Hydrogen i n  Coal + Added Hydrogen 

Hydrogen Ret r ieva l  = 

Table 4 

Products and Hydrogen 

Consumption a f t e r  Secondary Refining 

Material 

Input 

Coal  (daf  b a s i s ) *  

Hydrogen ccnsumed 

Products 

C -C gases  

Gasoline 

Diesel f u e l  

Pi tch 

1 3  

Weinht without Weight with 
cake washing cake washing 

100 

6.2 

10 

13 

29 

15 

100 

6.7 

11 

14 

35 

21 

*This does not  inc lude  coa l  needed f o r  process  h e a t ,  power and  hydrogen 
production. 
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